Background: The NIPAL4 gene is described to be implicated of Congenital Ichthyosiform Erythroderma (CIE). It encodes a magnesium transporter membraneassociated protein, hypothetically involved in epidermal lipid processing and in lamellar body formation. The aim of this work is to investigate the causative mutation in a consanguineous Tunisian family with a clinical feature of CIE with a yellowish severe palmoplantar keratoderma. Methods: Four patients were dignosed with CIE. The blood samples were collected from patients and all members of their nuclear family for mutation analysis. The novel mutation of NIPAL4 gene was analysed with several software tools to predict its pathogenicity. Then, the secondary structure and the 3D model of ichthyn was generated in silico. Results: The sequencing analysis of the NIPAL4 gene in patients revealed a novel homozygous missense mutation c.534A>C (p.E178D) in the exon 4. Bioinformatic tools predicted its pathogenicity. The secondary structure prediction and the 3D model construction expected the presence of 9 transmembrane helices and revealed that mutation p.E178D was located in the middle of the second transmembrane helices. Besides, the 3D model construction revealed that the p.E178D mutation is inducing a shrinking in the transport channel containing the mutated NIPA4 protein.
| INTRODUCTION
Autosomal recessive congenital ichthyosis (ARCI) is a rare nonsyndromic skin disorder, characterized by partially or totally epidermal scaling with or without hyperkeratosis. ARCI may have different clinical manifestations, with different degrees of severity. Three clinical subtypes were defined including: Harlequin Ichthyosis (HI), Lamellar Ichthyosis (LI) and CIE (Oji et al., 2010) .
CIE and LI are the main skin phenotypes, although a phenotypic overlap within the same patient or among patients from the same family can occur (Fischer et al., 2000) . Unfortunately, during clinical investigations, neither histopathologic nor ultra structural features clearly distinguish between CIE and LI. In addition, mutations in several genes have been shown to cause both congenital ichthyosiform erythroderma and lamellar ichthyosis phenotypes (Akiyama, Sawamura, & Shimizu, 2003) , including TGM1 (OMIM:19019), ABCA12 (OMIM:607800), ALOXE3 (OMIM:607206), ALOX12B (OMIM:603741), CYP4F22 (OMIM:611495), CERS3 (OMIM:615276), PNPLA1(OMIM:612121) and NIPAL4 (OMIM:609,383) (Fischer, 2009; Radner et al., 2013) . In the previous study, (Alavi et al. 2011; reported that all NIPAL4 mutation-bearing patients manifested diffuse yellowish keratoderma on the palms and soles. However, a genotype-phenotype correlation with mutations in NIPAL4 gene was suggested.
The NIPAL4/ichthyin is the second most frequently mutated ARCI gene (Maier, Mazereeuw-Hautier, & Tilinca, 2016) . It is located on chromosome 5q33.3 and composed of 6 exons (GenBankNM_001099287) (Vahlquist, Fischer, & Törmä, 2018) . It encodes a 50 kDa NIPA4 protein, containing 466 amino acid residues (GenPeptNP_001092757) (Lefèvre et al., 2004) . This protein belongs to the NIPA family, a large group of membrane Drug/Metabolite transporters (DMT super family). These membrane proteins are believed to be a magnesium transporter (Quamme, 2010) , sharing a homology structure to G-protein coupled receptors (Goytain, Hines, El-Husseini, & Quamme, 2007; Goytain, Hines, & Quamme, 2008a) . They play a key role in epidermal lipid metabolism, however, the mechanism is still unknown.
Although the majority of the studies conducted on ichthyosis were focused on genetic description of the potential mutations found in correlation with the disease development. Few of them were interested in the influence of these mutations on the protein structure and function. In fact, Dahlqvist et al. reported different genetic variations in NIPAL4, which were associated with specific ultra-structural abnormalities of the epidermis (Dahlqvist et al., 2007 and Dahlqvist, Westermark, Vahlquist, & Dahl, 2012) . Moreover, since some studies describe this protein as a divalent metal transporter (especially for magnesium), there is no literature regarding neither its 3-D structure nor its expression pathway and its exact role.
In this study, we identified a novel homozygous mutation in the NIPAL4 gene associated with the clinical manifestation of ichthyosis in a Tunisian consanguineous family. Besides, the effect of this mutation on the hypothetic function of the protein was discussed on the basis of its secondary and 3D structures.
| PATIENTS AND METHODS

| Patients
In this study, we focused on a whole nuclear family from Sidi Bouzid, central Tunisia, composed of 11 members, 4 of them (3 men and a woman), aged between 48 and 60 years, who were affected with a severe form of ichthyosis, Congenital Ichthyosiform Erythroderma (CIE). No history of collodion baby was reported. Besides, faint diffuse erythema and fine white scales were found in all patients. Yellowish severe palmoplantar keratoderma was a characteristic feature of the pedigree.
| Methods
| Ethical compliance
This study was approved by the Ethics Committees of Hedi Chaker Hospital (Sfax, Tunisia). Written informed consent was obtained from each participant.
| Blood collection and DNA extraction
The blood samples were collected from all members of the family. DNA was extracted from peripheral blood using phenol chloroform standard procedures (Lewin & Stewart-Haynes, 1992 ).
| Mutational screening
Fragments covering the NIPAL4 gene exons and their intronic bordering sequences were amplified using specific primers (Table 1) . PCR reactions were carried out in a final volume of 50 μl, containing 200ng of genomic DNA, 10 mM dNTP, 2 mM MgCl 2 , 20 pmol of each primer, 5 μl of 5Xbuffer, and 1 unit of Go Taq DNA polymerase (Invitrogen). PCR reactions were performed using a program with initial denaturation at 96°C for 5 min and followed by 35 cycles, including denaturation at 95°C for 45 s, hybridization at 58°C for 45 s and extension at 72°C for 10 min in a thermocycler (Perkin Elmer Gene A PCR System 9,700).
PCR products were purified using exonuclease before sequencing. Each exon was sequenced on both strands, amplified and then sequenced again on both strands to reject the possibility of PCR artifacts. Direct sequencing of PCR products were performed in an ABI PRISM 3100-Avant automated DNA sequencer, using the BigDye Terminator Cycle Sequencing reaction kit v1.1.(ABI PRISM/ Biosystems).
| Bioinformatic tools
The sequence alignment and the pathogenicity prediction
The obtained sequences were compared with the updated Cambridge sequence (GenBank accession number: NG_016626.1). A blast homology search was performed using the program BLAST2SEQ available at the National Center for Biotechnology Information Website to compare nucleotide sequences with wild-type sequences (http://blast. ncbi.nlm.nih.gov/Blast ). The evolutionary conservation of residues was performed using the Clustal Omega program, by the alignment of the NIPA4 protein sequences of different species obtained from the NCBI database (https ://www.ebi. ac.uk/Tools/ msa/clust alo/) based on multiple sequence alignment (MSA).
Mutation pathogenicity was investigated using five prediction tools: PROVEAN (protein variation effect analyzer) (http://prove an.jcvi.org/seq_submit.php) (Choi & Chan, 2015) , SIFT (sorting intolerant from tolerant tool)/) (http:// sift.jcvi.org) (Ng & Henikoff, 2003) , Mutation tester program (http://www.mutat ionta ster.org/info/docum entat ion.html) (Schwarz, Rödelsperger, Schuelke, & Seelow, ) , MutPred (http://mutpr ed1.mutdb.org/about.html) (Li et al., 2009) , and PhD-SNP (predictor of human deleterious single nucleotide polymorphisms) (http://snps.biofo ld.org/phd-snp/phd-snp. html) (Capriotti & Fariselli, 2017) .
Secondary structure and transmembrane helices predictions
The prediction of the secondary structure of Ichthyin was performed in silico using two servers: Advanced Protein Secondary Structure Prediction Server (APSSP) (http://crdd. osdd.net/ragha va/apssp/ ) and Protein Surface Accessibility and Secondary Structure Predictions (NetSurf) (http://www. cbs.dtu.dk/servi ces/NetSu rfP/). HMMTOP (http://www.enzim.hu/hmmto p/), Phobus (http://phobi us.sbc.su.se), Protter (http://wlab.ethz.ch/prott er/start/ ), Coffee (http://tcoff ee.crg.cat), and Uniprot (http:// www.unipr ot.org/unipr ot/) programs were used to predict the transmembrane helices.
Generation of a 3D model of NIPA4 protein
The 3D models of the transmembrane part (residues119-408) of the NIPA4 wild type and the mutated protein were built using the automated modeling server swiss model (https ://swiss model.expasy.org/inter active). The template used SnYddG (number of residues: 298 AA; PDB id: 5i20.A) was automatically selected. Although the majority of the studies conducted on ichthyosis was focused on the genetic description of the potential mutations found in correlation with the disease development, a few of them were interested in the influence of these mutations on the protein structure and function from the servers identified as a membrane protein and belong to Eama family (Pfam: PF00892), member of DMT super family. The models were visualized using Swiss-PDB Viewer Software(V4.1).
| RESULTS
This work focused on the study of CIE diagnosed in 4 members of the same family. The sequencing of the gene NIPAL4 revealed a new mutation.
| Mutational screening
The sequencing of all exons pertaining to the NIPAL4 gene and their flanking exon-intron boundaries revealed the presence of a novel c.534A>C variation in the exon 4. The c.534A>C was present in a homozygous state in the 4 patients and in the heterozygous state in parents and in 2 sisters, however, it was absent in 3 sisters and controls (Figure 1a, b) . The c.534A>C mutation substituted the highly conserved glutamic acid (E) by aspartic acid (D) at position 178 (p.E178D) (Figure 2a ).
PHD-SNP and Mutation Taster softwares indicated that this substitution is "disease causing". PROVEAN and Sift program confirmed this hypothesis and classify the E178D substitution as deleterious and damaging with a score of −2.893 (<−2.5) and 0, respectively. In addition, the results given by the Mutpred program also showed a high probability of damaging mutation (0.857), since the E178D variation seems to be responsible for the loss of the catalytic site at E178 (p = .14; p-value = .03) as well as an altered transmembrane protein and metal binding prediction (p = .25; p-value = 1.4e-03 and p = .2; p-value = .02, respectively).
| Mutation effects on secondary and 3D protein structures
As determined by the Protter server (Omasits, Ahrens, Müller, & Wollscheid, 2014) , the protein wild type is located in the membrane with a cytoplasmatic NH 2 terminal extremity and extracellular COOH terminal one, and the E178D mutation has no effect on the overall organization of the protein (Figure 2b) .
The number of transmembrane helices was predicted by HMMTOP, Phobus, Protter, Coffee and Uniprot servers. All of them indicated the presence of 9 transmembrane helices (Table 2 ). In order to understand the effect of the missense mutation, changing the glutamic acid 178 to aspartic acid on NIPA4 protein structure, we built a 3D model of the protein using the automated modeling Swissmodel server. The model of NIPA4 transmembrane segment was built based on that of a membrane transporter SnYddG (pdb code 5i20A) (Tsuchiya et al., 2016) , which is a member of the ubiquitous drug/metabolite transporter (DMT) superfamily. These are transporting a wide range of substrates, such as toxic compounds and metabolites. SnYddG is expected to transport aromatic amino acids and exogenous toxic compounds. The model of NIPA4 displays the same topology of the template, with nine transmembrane segments in an outward-facing state (Figure 3a) . The positions of the nine alpha helices are also in concordance with the predicted transmembrane helices (Figure 2b , Table 2 ). Similar to the template, the model displays a basket-shaped fold (Västermark, Almén, Simmen, Fredriksson, & Schiöth, 2011) , with a large substrate-binding cavity at the center of the molecule. The overall model structure showed the potential transport channel delimited by the transmembrane helices (Figure 3b ). The p.E178D mutant model structure is well superimposed on the wild-type protein (rmsd 0.5 Å). The p.E178D mutation is located in the middle of the second transmembrane helix. In the wild-type protein, the carboxyl group of Glu178 is buried and not exposed to the potential transport channel (Figure 3b ). It is stabilized through a strong ion pairing with Arg145 (acceptordonator distance is 2.64 Å). The Asp178 Carboxyl group is still ion pairing with the amino group of Arg145 and then, the interaction is weaker than in the case of the wild type (acceptor-donator distance is 2.95 Å). This can be due to the side chain of Asp being shorter than that of Glu. Glu178 is located in the transport channel of Nipa4 since it was at a short distance of 5 Å from a channel bound ligand (2,3-Dihydroxypropyl (9z)-Octadec-9-Enoate) in the template structure (pdb code 5i20A) (Figure 3c) . The mutation Glu178 to Asp178 reduced the channel width ( Figure  3d ). The distance between Asp178 and the bound ligand is 4.2 Å. Interestingly, the carboxyl group of Asp178 in the mutated NIPA4 is exposed in the channel, thus rendering it narrower. Asp as well as Glu introduces a negative charge but the carboxyl group of Asp is more acidic and more exposed than that of Glu and then the channel becomes narrower, which might disturb its transportation function.
| DISCUSSION
This report was conducted on four patients presenting clinical features of CIE and belonging to a Tunisian consanguineous family. The mutational analysis of NIPAL4 gene revealed a novel missense mutation c.534A>C in the exon 4 (p.E178D) in the homozygous state in four patients and in the heterozygous state in their parents and 2 sisters, while the other members were homozygous for wild-type allele as well as the controls. This new mutation can be classified along with two other missense mutations, previously described in literature, causing ARCI such as p.G142V, p.A176D, p.S208F, p.G230R, p.H237D, and p.G297R mutations (Lefèvre et al., 2004) (Maier et al., 2016) .
The c.534A>C mutation was predicted to be damaging, according to several prediction programs, which is in agreement with the clinical features of the studied patients. Besides, we performed the bioinformatic pathogenicity prediction of previously described missense mutations located in the same gene. The comparison of pathogenicity scores of all these mutations as well as the c.534A>C mutation revealed that they were in the same range (Table 2) .
Little is known about the secondary structure of the NIPA4 protein, which prompts us to perform a bioinformatic prediction. Our result showed that NIPA4 protein is folded on alpha helices, extended strands and random coils and ambiguous states with 0% of undefined states. The secondary structure displays nine transmembrane alpha helices. The p.E178D mutation was located in the middle of the second transmembrane alpha helix.This result is in line with previous studies, where the major missense pathogenic mutations were localized in the transmembrane helices (Dahlqvist et al., 2007) (Alavi et al., 2012) (Lefèvre et al., 2004) .
In this study, the ichtyne 3D model construction using a homology method revealed that ichtyne could play the role of transporter as indicated by the spatial conformation of the transmembrane helices. In fact, the nine transmembrane helices form a basket-shaped fold with a large substrate-binding cavity at the center of the molecule. The Mutation p.E178D, located in the second transmembrane alpha helix, could therefore affect the transportation function of the protein, as described previously (Kusakabe et al., 2017) . Previous studies hypothesized that NIPA4 protein is an Mg 2+ transporter protein based on the prediction of the secondary structure of the protein (Goytain et al., 2008a ) (Mauldin et al., 2018) . In our 3D model, the mutation E178D is located in the hypothetical transport channel cavity, which might affect its ability to attract a cationic metal and release it into intracellular space. Besides, other studies confirmed that membrane transporters of bivalents cations, like SCL41A1 and CorA, share the same structure (Colas, Ung, & Schlessinger, 2016; Matthies et al., 2016) . The E178D mutation reduces the channel diameter (Figure 3 ). Glu178 is buried within the protein core and its carboxyl group is shifted outside the transporting channel due to its two lateral ethyl groups (Figure 3c ). Meanwhile, the carboxyl group of Asp178 is pointing toward the potential transportation channel, making it narrower ( Figure 3d ) and introducing a negative charge. This might impair the protein transportation function.
| CONCLUSION
In conclusion, we identified a novel homozygous mutation c.534A>C in the exon 4 of the gene (p.E178D) in four patients of a consanguineous family with CIE. Bioinformatic investigations supported the pathogenicity of the novel mutation p.E178D and classified it as damaging and deleterious. Interestingly, this mutation was located in the hypothetical transport channel cavity and leads to changes in the channel architecture, which would probably affect its transport function.
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